A chip with which to manipulate microparticles using wireless power transfer and pulse-driven dielectrophoresis has been designed and fabricated using a 0.18-μm CMOS process. The chip enables microparticle manipulation under a 0.7-V power supply and a 13-MHz clock, which are generated on the chip by means of an on-chip coil, a rectifier, and a Schmitt trigger circuit.
Introduction
In recent years, sensor and control circuits have been integrated on chips in order to realize more compact, inexpensive, and easy-to-use equipment. Wireless power transfer can improve these features [1] . In addition, manipulation of particles and cells is also useful for efficient sensing. Dielectrophoresis (DEP), in which particles move under the influence of a driving force generated by the gradient of the electric field intensity [2, 3] , is a promising technique for this purpose.
The DEP force < F DEP > acting on particles of radius r e in a liquid medium with permittivity m is given by the following equations [2] : 
where E rms is the applied local RMS electric field, and m and p are the complex permittivities of the liquid medium and the particle, respectively, where the conductive loss is considered. The real part of the Clausius-Mossotti factor Ke determines the direction of the DEP force. When the direction of the DEP force is positive (negative), particles are attracted to the electric field intensity maxima (minima) and are repelled from the minima (maxima) by the positive (negative) DEP. The particle migration is determined by the balance between the DEP and frictional forces [3] . In the case of negative DEP, a quadrupole electrode structure [3, 4] is used to easily capture particles near the center of the working area.
In the present letter, on-chip DEP microparticle manipulation has been demonstrated without electrical wires. In order to realize a compact lowpower driving circuit using a CMOS digital circuit, pulse-driven DEP is used in place of conventional sinusoidal DEP. The proposed technique enhances usability in microparticle manipulation, and may enable new fabrication technologies involving small particles.
Pulse-driven dielectrophoresis
In order to evaluate the particle motion of pulse-driven DEP, experiments using polystyrene particles (diameter: 10 μm) in NaHCO 3 aqueous solution (conductivity: σ m = 60 mS/m) were carried out at room temperature. Here, copper quadrupole electrodes (thickness: 20 μm, width: 200 μm, diagonal inter-electrode space: 300 μm) were used on a glass board. After dropping the NaHCO 3 aqueous suspensions containing the polystyrene particles onto the ) shows the dependence of the average velocity of the particles on the applied voltage amplitude. < F DEP > is proportional to the square of the applied voltage. The velocity enhancement by a factor of 1.7 in the pulse-driven DEP, as compared to the sinusoidal DEP, corresponds to the squared ratio between fundamental components in the Fourier series expansion of the 50%-duty pulse signal and a sinusoidal signal for the same amplitude conditions, i.e., (4/π) 2 . Thus, the pulse-driven DEP is useful for faster microparticle manipulation, as well as the realization of a digital DEP driving circuit.
Chip design
In order to enhance usability in microparticle manipulation by eliminating electrical connections to external equipment, sufficient power for on-chip DEP operation is delivered through wireless power transfer using a primary series and secondary parallel resonant capacitors [5] , as shown in Fig. 2 (a) . From the sinusoidal AC signal received by the on-chip secondary coil coupled inductively with an external primary coil, the on-chip DC supply V DD and the clock signal are generated using the rectifier and the Schmitt trigger circuits, respectively. The frequency divider generates the DEP driving signal.
In order to prevent the solution temperature from increasing due to the power consumption of the chip and wireless power transfer loss through the chip, the chip must operate at a low supply voltage for low delivered power and low consumption power. Therefore, we set on-chip supply voltage to V DD = 0.7 V and the frequency of the wireless power transfer to 13 MHz. The chip is designed using a 0.18-μm CMOS process and implements forward body biasing for low voltage operation [6] .
Circuit design
The Schmitt trigger circuit shown in Fig. 2 (b) [7] shows the hysteresis with the forward-body biasing in MN1 and MP1 according to the output voltage. In the second stage, a dynamic threshold MOS configuration is used for inverter operation at a supply voltage of less than 0.7 V. The switching voltages of the Schmitt trigger for input sweep from zero to V DD and the opposite-direction sweep, i.e., V h and V l , are given by [7] 
where β n and β p transconductance parameters, V tho,n and V tho,p are zerobody-bias threshold voltages, V thf,n and V thf,p are the V DD -forward-bodybias threshold voltages of the nMOS and pMOS devices, respectively. The hysteresis width V hw of the Schmitt trigger is given by
The hysteresis width can be tuned through the size ratio of MP1 and MN1. In this design, the hysteresis width of V hw = 0.2 V is realized under V DD = 0.7 V by using the MN1 and MP1 gate widths of W n = 1 μm and W p = 2 μm for the minimum gate length (0.18 μm). In this design, the CMOS rectifier circuit shown in Fig. 2 (c) is used due to its high efficiency [8] . The rectifier has a cross-coupled differential configuration driven by a differential RF input. Through body-source biasing, both low on-resistance and small reverse leakage of the MOS transistors are realized. In the steady state, the output DC voltage is determined by a balance among forward-transferred charges, reverse-transferred charges, and charges flowing to an output load. In this design, the nMOS and pMOS gate widths for the minimum gate length are W n = 2 μm and W p = 5 μm, respectively. Capacitances of C c = C s = 10 pF are used. For a differential RF input of approximately 1.2 V amplitude and a frequency of 13 MHz, V DD can be estimated to be 0.7 V.
As shown in Fig. 2 (d) , the simulation results for circuit blocks verify that the on-chip supply V DD , clock signal (CLK), and DEP driving pulse signals (V p and V n ) are generated through the wireless power transfer by the rectifier circuit, the Schmitt trigger circuit, and the frequency divider with a division ratio of 16.
Quadrupole electrode structure
The quadrupole electrodes are formed with the top metal. As shown in Fig. 2 (e) , each quadrupole electrode is surrounded by a ring of differential signal interconnects, resulting in short single-end interconnection that provides a DEP driving signal to the electrode. Such an interconnect topology can prevent undesired electric fields and consequent DEP. The electromagnetic simulation results of the quadrupole electrode structure, as shown in Fig. 2 (f) , ensure that the electric field is confined to the differential signal ring and the quadrupole electrode. This feature prevents electric crosstalk between several quadrupole electrodes formed on the same chip.
Experimental results
A microphotograph of the test chip fabricated using a 0.18-μm CMOS process is shown in Fig. 3 (a) . The chip area is 6.25 mm 2 , including an on-chip, one-turn coil near the chip edge. The on-chip coil is formed with the two top metal layers in parallel to reduce resistive loss. A magnetic sheet (ALPS HM- SZS21020, permeability: 80 − j25 at 13.56 MHz) embedded on the bottom side of the external primary coil, as shown in Fig. 3 (b) , improves the wireless power transfer efficiency by over 30% as reported for the inter-chip case [9] . After dropping the NaHCO 3 aqueous suspensions (σ m = 60 mS/m) containing the polystyrene microparticles (r e = 5 μm) onto the chip, AC power is provided to the chip through the wireless power transfer to apply driving signals in the quadrupole electrodes for the DEP operation.
As shown in Fig. 3 (c) , microscope observation of the on-chip microparticle manipulation reveals particle motion toward center of the working area (minimum of the electric field), indicating negative DEP. On-chip microparticle manipulation without any electrical connections has been achieved.
Conclusion
In order to achieve easy-to-use on-chip microparticle manipulation, we have developed a chip that can manipulate microparticles by pulse-driven DEP in a solution without any electrical interconnections. The chip has an on-chip coil for wireless power transfer and 0.7-V operation circuits using forward body biasing of the MOS devices.
Although the present study is preliminary, we believe that the findings presented herein will help to enhance usability in sensing and analysis devices and facilitate the realization of a new above-CMOS fabrication solution.
